I purified a new dihydrolipoamide dehydrogenase from a Ipd mutant of Escherichia coli deficient in the lipoamide dehydrogenase (EC 1.6.4.3) common to the pyruvate dehydrogenase (EC 1.2.4.1) and 2-oxoglutarate dehydrogenase complexes. The occurrence of the new lipoamide dehydrogenase in lpd mutants, including a lpd deletion mutant and the immunological properties of the enzyme, showed that it is'different from the lpd A second important function of the dihydrolipoamide dehydrogenases as a component of branched-chain keto acid dehydrogenase complexes is related to their implication in the oxidative decarboxylation of branched-chain keto acids. These enzyme complexes are encountered in bacteria which can utilize branched-chain amino acids for growth (they perform an essential step in the catabolism of these amino acids after they are transaminated to keto acids). The bacterium Pseudomonas putida, which can use branchedchain amino acids for growth, possesses a branched-chain keto acid dehydrogenase complex which contains (in addition to its dehydrogenase and transacylase components) a specific lipoamide dehydrogenase (lpd Val) that is different from the lipoamide dehydrogenase (lpd Glc) of the pyruvate and 2-oxoglutarate dehydrogenase complexes (24). Branched-chain keto acid dehydrogenase activities have also been found in bacteria, such as Bacillus subtilis, which synthesize branched-chain fatty acids (from branched-chain keto acids) for maintenance of their membrane fluidity (13).
Dihydrolipoamide dehydrogenases catalyze the NAD+-dependent oxidation of dihydrolipoamide (reviewed by Williams [29] ; dihydrolipoamide + NAD+ a± lipoamide ± NADH + H+. The most important function of dihydrolipoamide dehydrogenases as a component of the pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase complexes (16) is their implication in the oxidative decarboxylation of pyruvate anXd 2-oxoglutarate. In Escherichia coli, a single lipoamide dehydrogenase, the lpd gene product, has been discovered; it has been found to be common to both multienzyme complexes (15 A second important function of the dihydrolipoamide dehydrogenases as a component of branched-chain keto acid dehydrogenase complexes is related to their implication in the oxidative decarboxylation of branched-chain keto acids. These enzyme complexes are encountered in bacteria which can utilize branched-chain amino acids for growth (they perform an essential step in the catabolism of these amino acids after they are transaminated to keto acids). The bacterium Pseudomonas putida, which can use branchedchain amino acids for growth, possesses a branched-chain keto acid dehydrogenase complex which contains (in addition to its dehydrogenase and transacylase components) a specific lipoamide dehydrogenase (lpd Val) that is different from the lipoamide dehydrogenase (lpd Glc) of the pyruvate and 2-oxoglutarate dehydrogenase complexes (24) . Branched-chain keto acid dehydrogenase activities have also been found in bacteria, such as Bacillus subtilis, which synthesize branched-chain fatty acids (from branched-chain keto acids) for maintenance of their membrane fluidity (13) .
A dihydrolipoamide dehydrogenase (lpd Glc) has also been shown to participate in glycine oxidation in P. putida as a component of glycine decarboxylase (23) . The bacterium Escherichia coli, which cannot use branched-chain amino acids for growth and does not synthesize significant amounts of branched-chain phospholipids (11) , does not appear to contain branched-chain keto acid dehydrogenase activities (28) .
Dihydrolipoamide dehydrogenases have also been discovered in several microorganisms which do not seem to possess lipoamide-dependent 2-oxo acid dehydrogenase complexes. A dihydrolipoamide dehydrogenase has been purified from the halophilic archaebacterium Halobacterium halobium, although this bacterium catalyzes pyruvate and 2-oxoglutarate oxidation by ferredoxin-linked oxidoreductases (4); similarly, a dihydrolipoamide dehydrogenase has been isolated from the African parasite Trypanosoma brucei (2); these discoveries raise the question of whether dihydrolipoamide dehydrogenases have a cellular function, in addition to their established role in the 2-oxo acid dehydrogenase complexes.
In studies concerning the possible implication of lipoamide dehydrogenase in the function of binding protein-dependent transport systems, I have discovered a residual dihydrolipoamide dehydrogenase activity in lpd mutants of E. coli which were deficient in the lipoamide dehydrogenase component of the pyruvate and 2-oxo glutarate dehydrogenase complexes (including the deletion mutant JRG599 [21] ). The purification and characterization of this second lipoamide dehydrogenase are reported here.
MATERIALS AND METHODS
Bacterial strains. E. coli strains K-12, JRG301 (F-lpd-J trpA trpE), T3A58 (F+ trpA trpE), JRG599 [Hfr A(aroPlpd)74 pps-J melAl thyAS6 metB1 azi-14 ton-54 tsx-87 met-105], and K-11 (Hfrpps-J melAl thyAS6 metB1 azi-14 ton-54 tsx-87 met-105) (5-7) were kindly provided by J. R. Guest (Sheffield University, Sheffield, United Kingdom). Strains LA5732 (F-lpd-J trpA trpE mgl-512 zee-700::TnlO) and E. coli LA5732 (F-lpd-J trpA trpE mgl-512 zee-700::TnJO) supplemented with 4 1 liter of the same buffer, and it was eluted with 100 ml of 0 to 2 M NaCl in the same buffer; the lipoamide dehydrogenase activity eluted as a single peak at 0.6 M NaCl. The pooled fractions were diluted 10-fold in 20 mM potassium phosphate (pH 6.8)-2 mM EDTA-0.5 mM dithiothreitol and loaded onto a Blue-Trisacryl column (1.4 by 7 cm; IBM France) equilibrated in the preceding buffer; the column was washed with 50 ml of the same buffer and eluted with 40 ml of a linear gradient of 0 to 0.5 M NaCl in the same buffer.
Enzyme assays. Dihydrolipoamide dehydrogenase was assayed as described previously (6) by following the dihydrolipoate-dependent reduction of NAD at 340 nm (or 3-acetyl-NAD at 366 nm where indicated). To 500 ,ul of 100 mM Tris hydrochloride (pH 8.0) containing 5 mM EDTA, 1 mM NAD (or 3-acetyl-NAD), 10 ,ul of 100 mM dihydrolipoate (dissolved in ethanol), and 50 p.l of protein fraction were added; the rate of increase of the A340 (or A366) as a function of time during the first minute was taken as the activity of dihydrolipoamide dehydrogenase; no variation in absorbance was observed in the absence of dihydrolipoate on the addition of 10 ,ul of ethanol. The lipoate-dependent oxidation of NADH by purified protein was measured by assaying the oxidation of NADH in a medium containing 100 mM Tris hydrochloride (pH 8.0), 5 mM EDTA, 1 mM lipoate, and 50 p.M NADH. The activities of the pyruvate dehydrogenase, 2-oxoglutarate dehydrogenase, and branched-chain keto acid dehydrogenase complexes were measured as described previously (25) . NADH-ubiquinone oxidoreductase was assayed as described previously (14) by following the ubiquinone (coenzyme Qo)-dependent oxidation of NADH at 340 nm. NADPH glutathione oxidoreductase was assayed as described previously (3) by following the glutathione-dependent NADPH oxidation at 340 nm in a mixture containing 50 mM potassium phosphate (pH 7.0), 0.1 mM NADPH, and 0.2 mM oxidized glutathione.
Gel electrophoresis. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was performed by the method of Laemmli (9) by using 15% polyacrylamide gels. Electrophoresis under nondenaturing conditions was done in 5% polyacrylamide gels with a cross-linkage of 1% as described previously (22) . Coloration of protein bands was made by silver staining (27) . Dihydrolipoamide dehydrogenase activity was detected by incubating the gel with 10 ml of a mixture containing 1% agarose, 5 mM EDTA, 100 mM Tris hydrochloride (pH 7.8), 1 mM dihydrolipoamide, and 1 mM NAD; the NADH that was produced was visualized under a UV lamp.
Gel permeation. The molecular weight of the native protein was determined by filtration of the protein on a Bio-Gel P200 (50-100 mesh) column (1 by 60 cm) at 22°C. The column was equilibrated in 10 mM potassium phosphate (pH 6.8)-5 mM EDTA-300 mM NaCl, loaded with 1 ml of dihydrolipoamide dehydrogenase, and eluted at a slow rate (3.5 ml/h). Lactate dehydrogenase (molecular weight, 95,000), bovine serum albumin (molecular weight, 67,000), and maltosebinding protein (molecular weight, 42,000) were used as molecular weight standards.
Preparation Discontinuous sucrose density gradient. Sucrose at 60% (1 ml), sucrose at 25% (2.5 ml), and dihydrolipoamide dehydrogenase (7.5 ml of the 20,000 x g supernatant) in 50 mM potassium phosphate (pH 6.8)-5 mM EDTA-0.5 mM dithiothreitol were successively layered into a SW41 tube (8 and mgl genes with antibodies raised against the purified complex (unpublished data).
Characterization by SDS-gel electrophoresis and immunoblotting. Electrophoresis of the purified dihydrolipoamide dehydrogenase on SDS-polyacrylamide gels gave a single protein band (Fig. 2) , confirming the homogeneity of the preparation. Comparison of its electrophoretic mobility with those of standard proteins that were run simultaneously indicated that it had a molecular weight of 46,000; the lpd gene product of E. coli had a molecular weight of about 56,000, as determined by SDS-gel electrophoresis (29) . Electrophoresis of the purified protein on native polyacrylamide gels is shown in Fig. 3 ; the protein band (revealed by silver staining) (Fig. 3A) 4 . Immunoblots of crude bacterial extracts from E. coli with antibodies raised against the new dihydrolipoamide dehydrogenase (Fig. 3A) and against the lpd gene product (Fig. 3B) . Lanes: 1, strain K-11 (wild type for the lpd gene); 2, strain JRG599 (lpd deletion mutant); 3, strain LA5732 (pHG30 transformed with plasmid containing the mgl genes); 4, strain LA5732 deficient for the mgl genes.
bation for 15 min in the presence of substrates (Fig. 3B) , migrated at the same positions, indicating that the singleprotein band is responsible for the lipoamide dehydrogenase activity. No other activity bands appeared as a result of the longer incubation times, and the band shown in Fig. 3B became stronger and subject to significant spreading.
Further characterization of the new dihydrolipoamide dehydrogenase was performed by immunoblotting experiments. Crude extracts from several E. coli strains were tested by immunoblotting with antibodies raised against the purified lipoamide dehydrogenase (Fig. 4A) and with antibodies raised against the lpd gene products (Fig. 4B) (the latter were generously provided by J. R. Guest, Sheffield University). Antibodies raised against the lipoamide dehydrogenase recognized a single protein band with a molecular weight of about 46,000 in crude extracts from a wild-type strain (Fig. 4A, lane 1) with respect to the lpd gene product and in crude extracts from the lpd deletion mutant JRG599 (Fig. 4A, lane 2) . In contrast, as shown in Fig. 4B , antibodies raised against the lpd gene product recognized a single band (molecular weight, 52,000) in the wild-type strain and did not react with the lpd deletion mutant JRG599. These experiments show that the new lipoamide dehydrogenase described here is distinct from the lpd gene product. Since several results were obtained that showed an increase in the dihydrolipoamide dehydrogenase activity in crude extracts from strains containing the mgl genes coding for the binding protein-dependent galactose transport system, immunoblotting experiments with antibodies raised against the new lipoamide dehydrogenase were performed with crude extracts from a strain that contained the mgl genes (strain LA5732 transformed with plasmid pHG30) and with extracts from a mutant that was unable to synthesize any of the mgl gene products (strain LA5732 [12] ). Antibodies recognized in crude extracts from both strains a single protein band at a molecular weight of 46,000 (Fig. 4A, lanes 3 and 4) , indicating that the lipoamide dehydrogenase is not a mgl gene product. The higher-molecular-weight bands which were seen in lanes 1 and 3 of Fig. 4A were not detected reproduc- and 25 ,uM for dihydrolipoamide were determined. A maximal velocity of 20 pumol/min per mg of protein was determined in the direction of NAD reduction, compared with a specific activity of 10 ,umol/min per mg of protein for the purified E. coli B lipoamide dehydrogenase (7) . The maximal velocity in the direction of NADH oxidation was low. The purified enzyme possessed a low NADH-ubiquinone oxidoreductase activity (3% of the dihydrolipoamide dehydrogenase activity) and did not display NADPH-glutathione oxidoreductase activity (data not shown).
Molecular weight of the native protein. The molecular weight of the native protein was determined by gel filtration of the dihydrolipoamide dehydrogenase on a Bio-Gel P200 column as described above. A molecular weight of 88,000 was determined for the native protein. This value, compared with the molecular weight of 46,000 determined by SDS-gel electrophoresis, suggests that the protein (like most other dihydrolipoamide dehydrogenases studied) exists as a dimer in its native state.
Cellular location. The following results shed some light on the cellular location of the new lipoamide dehydrogenase. A total of 80% of the lipoamide dehydrogenase activity was found in the supernatant after ultracentrifugation of bacterial ultrasonic extracts for 30 min at 180,000 x g (the 20% found in the pellet could have been either membrane bound or could have represented aggregates of the dehydrogenase). Lysis of bacteria in the presence of Triton X-100 did not produce significantly greater amounts Qf dihydrolipoamide dehydrogenase in the supernatant fraction (data not shown). Ultracentrifugation of crude extracts from cells that were broken by ultrasonic disruptions on a sucrose density gradient as described above showed that most of the dihydrolipoamide dehydrogenase was found in fractions containing soluble proteins, whereas less than 10% sedimented in the membrane-containing fraction (as determined by their NADH oxidase activities). These results suggest that the lipoamide dehydrogenase described here is probably located in the cytoplasm, with a possible interaction of a fraction of the enzyme molecules with the cytoplasmic membrane. This cellular location is consistent with that of most lipoamide dehydrogenases studied. These enzymes are generally considered to be soluble cytoplasmic enzymes, but their possible interaction with membranes has been suggested in several cases (2, 26) .
Cellular expression of the new lipoamide dehydrogenase. The dihydrolipoamide dehydrogenase described here was expressed in low amounts in E. coli. Calculation of the amount of enzyme (30 ,ug) recovered from 30 g of bacteria (with a 20% recovery of enzyme activity and assuming 5 x 1011 cells per g [wet weight] of bacteria) suggests that it is produced at a level of about 200 molecules per cell. In contrast, the lpd gene product, which represents 0.3% (estimated by immunological studies) of total protein in ultrasonic extracts of E. coli (7), would be produced at greater than 10,000 copies per cell. The low level of expression of the new lipoamide dehydrogenase explains why it has been overlooked in previous studies. Cellular expression of the protein in bacteria grown in several media has been studied by the immunoblotting technique. The bacteria were grown in minimal medium M63 (10) containing 0.4% glucose, 0.4% glycerol, or 0.4% glycerol plus 0.05% isoleucine and 0.3% valine. The amount of lipoamide dehydrogenase (estimated from three independent experiments) was similar in crude extracts from bacteria that were grown in glucose or glycerol medium and was found at a three-times-higher level in crude extracts from bacteria that were grown in medium containing glycerol, isoleucine, and valine.
Miscellaneous. I tried to complement crude extracts from the lpd mutant (which was deficient in the lpd gene product but which contained the aceE, aceF, sucA, and sucB gene products in a functional form with the purified lipoamide dehydrogenase, but no restoration of pyruvate dehydrogenase or 2-oxoglutarate dehydrogenase activity was obtained with the new lipoamide dehydrogenase [in contrast to that obtained with the purified lpd gene product, which is able to complement these extracts] [6]). I was not able to detect any branched-chain keto acid dehydrogenase activity in crude extracts from E. coli (as reported previously [28] ), even when these extracts were supplied with the purified new lipoamide dehydrogenase.
DISCUSSION
The results of this study indicate the occurrence of a second lipoamide dehydrogenase in E. coli. Its low abundance (about 200 molecules per cell) explains why it has been overlooked in previous studies (10, 27) . The molecular weight of the new dihydrolipoamide dehydrogenase (46,000), its occurrence in lpd mutants (including a deletion mutant), and its immunological properties indicate that it is different from the lpd gene product, the lipoamide dehydrogenase of the pyruvate dehydrogenase, and 2-oxoglutarate dehydrogenase complexes.
It is not clear whether the new lipoamide dehydrogenase functions in association with the pyruvate dehydrogenase (aceE gene product) and dihydrolipoyl transacetylase (aceF gene product) components of the pyruvate dehydrogenase complex (or with the 2-oxoglutarate dehydrogenase [sucA gene product] and dihydrolipoyltranssuccinylase [sucB gene product] of the 2-oxoglutarate dehydrogenase complex). The failure of the lpd mutant JRG301 (containing the aceE, aceF, sucA, and sucB gene products and the new lipoamide dehydrogenase) to grow aerobically in minimal medium that was not supplemented with acetate or succinate (6) suggests that this is not the case. Also, the failure of the purified dihydrolipoamide dehydrogenase to complement the aceE and aceF gene products in crude extracts for the restoration of the pyruvate dehydrogenase complex activity and the sucB and sucA gene products for restoration of the 2-oxoglutarate dehydrogenase complex activity (this study) led to the same conclusion. However, it cannot be excluded that these failures were due to, respectively, the low abundance of the new dihydrolipoamide dehydrogenase and the partial denaturation of the purified enzyme. In contrast, the partial copurification of the present dihydrolipoamide dehydrogenase with the aceF gene product, when the heat step of the purification procedure was omitted (unpublished data), and the ability of the lpd mutant JRG301, containing the aceE and aceF gene products and the new lipoamide dehydrogenase, to sustain high binding protein-dependent transport activity compared with those of the aceE and aceF mutants (19) suggests that a functional interaction may exist between the aceE and aceF gene products and the new lipoamide dehydrogenase.
Several properties of the new lipoamide dehydrogenase are similar to those of lpd Val, the second lipoamide dehydrogenase of P. putida. Both proteins have a similar molecular weight (about 47,000), whereas the lpd gene product of E. coli and the lpd Glc protein of P. putida have molecular weights of about 56,000. The new lipoamide dehydrogenase was overproduced when cells were grown in the presence of J. BACTERIOL.
on October 20, 2017 by guest http://jb.asm.org/ Downloaded from isoleucine and valine. lpd Val was also induced by these compounds. Furthermore, antibodies raised against the purified new lipoamide dehydrogenase gave a faint reaction in immunoblots with crude extracts of P. putida producing lpd Val (unpublished data).
The new dihydrolipoamide dehydrogenase was revealed by studies that examined the implication of lipoic acid and 2-oxo acid dehydrogenases in the function of binding protein-dependent transport systems. The strong reduction of binding protein-dependent transport as a result of lipoic acid deprivation of a mutant deficient in lipoic acid synthesis or in strains deficient in the aceE and aceF gene products, but not in the lpd strain (deficient in the lpd gene product but containing intact aceE and aceF gene products [6] ), led to the discovery of the new dihydrolipoamide dehydrogenase and to the proposal of its implication in binding proteindependent transport (17) (18) (19) . The present study showed that the new dihydrolipoamide dehydrogenase is not a product of the mgl operon. However, several results, such as the increased activity of the lipoamide dehydrogenase in a strain containing the mgl operon (this study; 21) and the partial copurification of the mgl gene products with the lipoamide dehydrogenase (20; unpublished data), suggest an interaction between the mgl gene product and the new lipoamide dehydrogenase. However, supplemental work is necessary to determine the exact roles of lipoamide dehydrogenases, the proton motive force, and ATP in binding protein-dependent transport.
